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When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely Government-related
procurement, the United States Government incurs no responsibility or any
obligation whatsoever. The fact that the Government may have formulated or
in any way supplied the said drawings, specifications, or other data, is not to be
regarded by implication, or otherwise as in any manner construed, as'licensing
the holder, or any other person or corporation; or as conveying any rights or
permission to manufacture, use, or sell any patented invention that may in any
way be related thereto.

This technical report has been reviewed and is approved for publication.

The Public Affairs Office has reviewed this report, and it is releasable to the
National Technical Information Service (NTIS), where it will be available to
the general public, including foreign nationals.
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Even though this report may contain special release rights held by the
controlling office, please do not request copies from the Wright Laboratory,
Armament Directorate. If you qualify as a recipient, release approval will be
obtained from the originating activity by DTIC. Address your request for
additional copies to:

Defense Technical Information Center
Cameron Station
Alexandria VA 22304-6145

If your address has changed, if you wish to be removed from our mailing
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PREFACE

This report documents research conducted on a solid state opening/closing switch for
inductive energy store. This technical report was presented at the 6th Electromagnetic
Launcher Confirnce in Austin, TX on 28 April to May 1992.

This work was funded by the Electromagnetic Launcher Technology Branch
(L/MNSH) of the Analysis and Strategic Defense Division of the Air Force Wright
L at Eglin AFB, Fl under the Kinetic Energy Weapons program of the Strategic
Defense Initiative. Mr Mark W. Heyse, Mr James B. Cornette and Nolan E. Taconi from
WL/MNSH, and p-ronnel from General Atomics, Inc (GA) in San Diego, Ca prormed
the work during the period of April 1990 to April 1992 at General Atomics in San Diego,
Ca.
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25 kA, 5000 V SOLID STATE OPENING SWITCH
FOR INDUCTIVE ENERGY STORES

E. E. Bowles, W. 0. Homcyer and J. M. Rawls
General Atomics San Diego, Calif. 92186

M. W. Heyse, J. B. Cornette, and N. E. Taconi Jr.
Wright Laboratory Eglin Air Force Base, Fl. 32542

Abs - A self- commnutated solid state switch E HOYO PR7O
ban been developed for an as an opening device for Fgr hw ici ceai o h eosmo
&1 an fte *erg store. 25 kA, SOW V operation Mgr hw i~i ceai o h eosrto
han bean obtaned in a compact switch module. The switch. It can be seen that the switch is of a hybrid design
switch to~oog Is a two -stageo hybrid consisting with two conduction paths and four active switching
of am SCR-IE I SCR.I03T combination. The elemients.
Mwtth Is desiged to charge as Iaductive energy INDUCTIVE CURRENT CURRENT

store and repetitively commutate the current to a ENERGY CHARGING COMMUTATION
dyna m&lod A 25 ILA switch module has been STORE STAGE STAGE
bult and tested om a batt" test Stand at General
Atomla. The thory af operatlom, circuit topology
and tam result ane given In this paper.

L INTODLETON

80ng dinides dM eqicid e n seme. A iNwion
In tdo e at inuctive aay iS. has been theavailability
Of adogumY rafd openisg xwitchos A eapscitive energy
ai0m moods only a cluing switch to deliver energ to a load.
High power closin switches an availb in the form of
1 9 5 a, iIluau and SMR Each of thes devices can

m M)l comloct coN1m-m in eccss of 100 kA. but once
aune n the caum 'gn~cwulow.

On tmod ha" loeigsiau ~.. Fig. 1. Opening switch circuit schematic.
Sloa BM clos &nd ceonuct c myP -t to charge the energy As will be explained, ame differen switching elements of
NUB amd UO UutUslly opn romaipt to Centm flo) 111e MMui schemat petain to the differen switching phase
End coellnt (mft) die com to di lad. Mechial do~ an jy idcvenergy stor opening swti mut mapor
ulhi, OTOM L d -.he rd traslssts we availa"l for Tbspaem wic-ms

N Oen wit h & kA ty but all have much lower power
ido ad closing I 1) Cag

M~hM Wice aefculydnadco tt Close and conduct inductor current from
Uide in "i opening phs of thek day. in conwat m zero to nwxmum with minimum losses.

-0 ifrl i hav exetoa tlt ieie Requires low conduction voltage drop,

bat a~emhm lames ad have reatvey low single 2) Commutation
th l devce CNN afealyotrot Upos commnand, commutate ciumn out of

SN No ft i thitpev oe tee switch and into the load by forcing a
k~o~da.1k ffim 1f*6 v s t bd adlap voltage drop across the switch.

hmeiyIa good dow "Oak in to h a Rsqvus high commutationa voltage and

ciudun 1MN ad suffacenty highfa n-fRmd

a lb ~ rd m s do dulp sad muting of a Blok y voltage poducd bydihe dyinnic
1 ''~ ~ lad aud maintain zero current in the



sia ch Require high hoking voltage in and die toed circuit and the voltage produced worn switch
doofsae 2

The IGBT switch Smb has a 1000 V raft ad a 800
4) ReomstV MOY champ wcorn it. An IGBT rurn-off tin. of20 ps is

Redoes and recoYW airnt frimth In ad selected to provide a smooth currea hand off to the MOY
upon command. Requires fast turn-on clump. to maintain a reapplied dVAd to the Sia SCR of I

410d.40 Vftzs and to minimize switch Smb turn-off lass. Mte i
Thes pqukmess -have spSaned i. ii g e ~hybrid IGBT of Sm~' islly turned! off. the MOVs maintain 800 V

switch design tiuow in figur 1. ThM two conduction p.JJ, acrss its tunninalh until Current is fuy commutated to the
SI and S2i n ftg~ 1. provide for two Separat switching lad. With nominal circuit inductances this tm off process
Stages Stog. I (Switch SI) provides for the low loss W&05 - 75 Ps The entire process takes -c 1 us. allowing

cigi g Mitedo9 of tdo - -ach whil stage 2 (switch S2) switch S2 10 be puls rated. Current in exces Of five times
prvdsfor dtfm cuP11rrent commutation out of the the Continuous rat of switch S2 is &awed for these short

sic.Proidin thes two ingin has alowed the switch to pulses.
ame lbs confficting desig reirm eat of low conductiont After commutation, is complete the voltage across the
lo06s duintg chargi a"d a &N., high voltage curen Switch will fall to a level dictated by the instantaneous
coinsoion, to the lan. voltag dro of the load (this voltage is genemiy much less

The toolg also povde for a cascode (seoie) than the 1000 V rating of S) The commutatin switch
conecdon of an SCR and a transisto in each switch stage. SCR, S2., is allowed recovery time in dhe inteval between
The Iheging switch stage ha a 5000 V SCR in cascade Current commutation and the point where the dynamic
w~k a So V FIT transistor whil the commutation switch voltage produced by the IC24 exceeds 800 V (speed voltage).

SPhe a 500 V SQ in cas with a 1000 V 103? Afar this recovety time elap4,, -10 toPs for SaRSte
-I -d. Mhm novative arroopueew of semiconductor~

de-ices alows doe trasistors to accomplish the lower etire switch is ready to suppxt a 5000 V back voltage
"Mag comou" cdon whie *aSCR F FM F k, P which is; prduced by the load.

lb. 5000 V bloicking I Fc- i in a slngle high powet device, .icwihdpcsteitne urn n
BYM% sesan th do at of "dWgL c moag .and Voltage waveforms for this switch is shown in ig 2.
v~kg blockng we hew beas ab to pvid a switch--
which coUmx~ o pn i t bum and ha a
pow deaulty gpu h a of a closigswitch (SCM). a

Since two IIOS device ( II0M consu an SCR
thyflam. we cal lbo switch a 114"~ Thyistr (DM7).

SISad 315 b an lbe cbergiog switches. Initially. the a

emur "n cof switlsch F an in, switch a td rate Am__________

Ib IeNt fab mumi s Iwitc ~ ls Q (n) ilMM

2a POCMdNI III I I -I Pa 00 1O 0 V CR wehk
Oh M M ine Ia h~s mb gas @1 hR o m coucto mb
00 Om sw St. d switch S2 ingl a gm =ma0

-~ - yteO u o oSic I3 ici.son

Afe I: il oMOi fh$ d C SJwl



The switb can be uiggred back ino conduction at any commutaton switch submodule is 12.50 A at a 7.2 V diop
time dng dio Wen phs ad it is self prcad to trigger for operation % 5 ms for each opening cycle. TI relative
back lm conductioa if 500 V aus the load is exceeded, dlsaibutio of conduction drop is shown in Fig. 51. Two

commutation switch submodules are placed in parallel to
achieve te 25 kA rating.

l CIRCUIT DESCRIPTI(t4 To complete the switch, seven Siemens BSOK275 100
mm, zinc-oxide varistors ae placed across the IGBT
anmistes in the commutation switch submodule.

A pomgra aof the fst 25 kA. 000 V switch module
is shown in Fig. 3. 7U relationship of the physical FEED

hmodule with the circuit schematic -
In order ao achieve a 25 kA module rating several I

m were placed in parallel A chargig swi.ch . .'.."
submdule consists of us ABB CS-2104, 5000 V, SCR in
cascode connection with two FET modules. Each FET
module consists of 96 Harris RFAlOONOS, 50 V FET 1MC MOULt mrasms in parallel connection. The nominal S second .-. "- -oUER

cu ltrating for ah cha ging swich m dim leis4,166A -. -

at a 2.35 V cooduction drop. The mlative distriutdion of the
charging switch conduction drop is shown in Fig. Sa. Six
conduction switch submodules are placed in parallel to
achieve the 25 kA ithag. FITm

COMUTATOU

....-- CA-- L CASTE
COMON

.Fig. 4. Detail of physicalarrangement

PffaIfd Operaton and CwTMI Shwia
SCa have nonlinear resistivity (voltag drop) and a

neaietemperature coefficient of resistivity. This will
caU the wum SC in a pwaunc array to tmw more -urium
which drives its temperature up even more. This positive
fetdte k effect could raise the SCR juctian ummpera to
the pont wher it camo recover and hold volo after
conduction. If an SQ in a parallel array does noc recover, it
wil ake all the curm intended for t full array. SCR
desit ion is likely if protective actio is not taken. Crcuit
designers ticaly mitigate this situatim by adding series
resistance and aowing for a 20-30% cret mismatch. In
the iproch we have taken, the a conected FET no
only fan=s current commnutation but it f=re cwi shar ding
80009 doSCRsL tdocs so byacting a a bmak Wns it~h

ft..3. Pmowa oe(25 A, V oel switch, a s l- positive ampua"e coefficient of resistivity. This

A'SQ -F. .... T . .ram e t in a submod le has a no po iv
A ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - -min swsh~ous-OS- 5R tmea coefficient of resistivity at aay curent Above

aa ecoabsim awful submst adi is ifetal Is IA2 A. ThW fcur selmms the -- 1--r em with te
OL o y dftn b doe m at 64 PAis PmM coamaon of SC3s and opens the way fo uhiuuil

801 A0 Of =V KWftbis"kbefhdoNo C00 lua K W"01.
00maTh Now aumm - rb for eMh

3



~3ARGINOCOMMUTA11ON

lit V (8CR) -3 V

0.SV - ~ (PACKAGE9) I- U V

ta2 V~ 1  nMANsMrroa &M0

(a) (b)

Fig. 5 (a) Theladv conductiom voltag dep of the
chargWin m sich compsusrnts. (b) lbs relative caombor
voltage d" of do puls coomunadon swith cohaponents Fig. 6. Operational test results from 25 kAful current

Mthoperatic. Top amc is swh curent t2 kA/div.
TkwuwId arageiv Dotnm 13c i the load voltage at 20 V/div.

Even wMs a tolgively low combdmir shp of 2M3 V. a
25 kA twfh amit tol aen of kilowat of homt This V. CONCLUSION~

mikwfh hb dodwbmheu fodr 3 ommds aa duis
hoinuItf t0 *hmuld a coollegh MIS pe buwerk
guys as a bea snk to 4snm te o 91W mdin och A hybrid arrngement of powersmcodco which
cbrg- swich module. The thudu ommu ef the buwei bn consists of - SC-F2T / SCR-IGBT combination has been
Minad M&c dtm d owe ip wine -- o 10Cfper ascad dehigned and bllt for use a an inductive energy store
With its nominal he o 5e~a secod ns ear be opaig witch Ece da perfomanc has been obuame

mod Ih jg In a mao ota ade.M wf wish a 25 kA. 500 V switch module using this switching
the coMpe bs suh thee *w coong could suppno tooly
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